The entomopathogenic fungus Beauveria bassiana GK2016 grown in a liquid medium incorporating gelatin as the sole carbon and nitrogen source produced an extracellular serine protease (molecular weight, 35,000; pl ca. 10). Without gelatin, B. bassiana could utilize N-acetyl-D-glucosamine (GlcNAc; 2-acetamido-2-deoxy-Dglucose) as the sole source of carbon and nitrogen, and GlcNAc availability increased the storage carbohydrate content in mycelia. Synthesis of protease was repressed in gelatin medium containing GlcNAc at levels of > 1.07 i,mol mg of fungal dry weight-'. At levels below this, protease synthesis was initiated; subsequently, free amino nitrogen appeared in the medium and diauxic growth was observed. Slow feeding with GlcNAc (35.34 ,ug ml-l h'-) did not repress protease synthesis nor did GlcNAc accumulate in the medium above 0.5 mg ml-1.
Increasing the rate of release of GIcNAc (83.51 ,ug ml-' h-') resulted in the accumulation of GlcNAc in the medium to 2.0 mg ml-, a 45% increase in growth and a decrease in protease synthesis by about 81%. Free amino acids generated from the hydrolysis of gelatin did not repress protease synthesis. These data are interpreted in terms of known interaction of B. bassiana with insect cuticular components. We suggest that the action of extracellular chitinases synthesized by B. bassiana on insect cuticle, and pursuant release of GlcNAc, may have important consequences on the regulation of other extracellular catabolic enzymes such as the protease.
Beauveria bassiana is an entomopathogenic fungus which infects its host insect by passage through the cuticle (14) . Cuticle penetration is considered to occur by a combination of mechanical means accompanied by enzymatic action, but the relative importance of each is not known. The major cuticular components of insects are protein and chitin (13) . Extracellular enzymes such as protease and chitinase produced by the entomopathogenic fungi B. bassiana, Metarhizium anisopliae, and Verticillium lecanii have been shown to hydrolyze locust, Schistocerca gregaria, cuticular proteins, and chitin (23) . Once these fungi get past the cuticular layers, they can invade the body cavity, grow, and kill the insect.
The exoskeleton and hemolymph of an insect provide numerous microenvironments for exploitation by entomopathogenic fungi. As the entomopathogenic fungus passes from the epicuticle to the hemolymph, various substances such as proteins, chitin, fatty acids, amino acids, amino sugars, carbohydrates, and inorganic substances may be encountered (9) . B. bassiana can utilize many carbon-and nitrogen-containing components of cuticle and hemolymph such as C10 to C24 fatty acids (17) , trehalose and glucose (6), amino acid combinations (26) , chitin, glucosamine, and N-acetyl-D-glucosamine (GlcNAc) (20) . It is therefore desirable to ascertain whether these components regulate the synthesis of enzymes involved in cuticle penetration.
Until recently, very little was known about the regulation of enzymes involved in cuticular degradation. Synthesis of extracellular chitinase in M. anisopliae and B. bassiana is regulated by levels of GlcNAc through an inducer-repressor mechanism (21, 24) . We isolated and characterized an extracellular serine protease from B. bassiana (2) . Synthesis of this enzyme is controlled by a multiple regulatory circuit similar to that found in Neurospora crassa (1) (16) and free amino nitrogen (18) . Assays for extracellular protease activity and protease units were done by the method of Bidochka and Khachatourians (2). Mycelia were analyzed for storage carbohydrate, using an anthrone reagent (10) with glucose as a standard. To analyze for protein content, 1 to 5 mg of mycelia was placed in a test tube with 1.0 ml of 0.5 M NaOH; the test tube was placed in a boiling-water bath for 15 min and cooled, and 0.5 ml of 1.0 M HCl and 0.5 ml of 1.0 M potassium-phosphate buffer (pH 7) were added sequentially. The concentration of proteins was measured by the Bradford method (5), with bovine serum albumin as a standard.
Electrophoresis. Protein from culture supernatant was precipitated with 95% (NH4)2SO4. The precipitate was suspended in distilled water and dialyzed in dialysis tubing (6,000-molecular-weight cutoff) for 24 h at 5°C against two changes of 2 liters of distilled water. The dialysate was lyophilized and stored at -20°C until used. The protein profiles of the culture supernatants were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, using 12% gels and the buffer system described by Laemmli (11) . One milligram of lyophilized protein was loaded into each well. Low-molecular-weight (14,400 to 96,000) standards (Bio-Rad Laboratories, Richmond, Calif.) were run in parallel. Gels were stained with silver stain reagent or Coomassie blue R-250 from Bio-Rad. Gels were scanned at 540 nm, using a scanning densitometer (E-C Apparatus Corp., St. Petersburg, Fla.).
Isoelectric focusing was performed on lyophilized culture supernatant proteins. Gel tubes containing Ampholine (pH 3 to 10) were used (Pharmacia, Uppsala, Sweden). The extracellular protease was specifically located in the gel tube by application of the gel onto X-ray film (NS2T; Eastman bassiana was grown in unbuffered medium, initially at pH 7, containing GlcNAc as the sole carbon and nitrogen source, the pH fell to 6.6 after 2 days. When 1% (wt/vol) glucose was added to unbuffered gelatin medium, the pH dropped to 4.8 after 2 days. Therefore, a 0.2 M potassium-phosphate buffer (pH 7) was used in the growth medium.
The growth characteristics of B. bassiana when GlcNAc was added to the gelatin-basal salts medium were examined. Cultures were harvested and analyzed for dry weight, mycelial carbohydrate content, and protein content. Culture filtrates were analyzed for extracellular protease activity and remaining GlcNAc. Dry weight and mycelial carbohydrate content were positively correlated with GlcNAc for concentrations up to 10 mg ml-1 (Table 1) . GlcNAc availability increased the storage carbohydrate content in B. bassiana. Derepression of extracellular protease synthesis by B. bassiana occurred for GlcNAc concentrations below 0.5 mg ml-' (Fig. 1) . After 2 days, cultures initially containing 0.2 to 1.5 mg of GlcNAc ml-' had <30% of their GlcNAc remaining (Fig. 1A) . These cultures showed the highest extracellular protease activity (Fig. 1B) . After 3 days, the culture initially containing 3.0 mg of GlcNAc ml-' had 0.3 mg of GlcNAc ml-1 remaining and showed the highest protease activity in the extracellular fluid (Fig. iB) . Little protease activity was observed in cultures containing >0.5 mg of GlcNAc ml-'. By day 4, none of the cultures had >0.5 mg of GlcNAc ml-1 (Fig. 1A) . Highest extracellular protease activity was observed in cultures initially containing 5 or 10 mg of GlcNAc ml-1 (Fig. 1B) . Extracellular protease activity which was synthesized in medium with GlcNAc concentrations of <0.5 mg ml-' was related to the amount of growth in the culture. Again, the latter depended on the initial GIcNAc concentration in the medium. Extracellular protease production in closed batch cultures containing GlcNAc. Closed batch cultures containing 5 mg of GlcNAc ml-' in gelatin-basal salts medium were assayed for dry weight, GlcNAc concentration, extracellular protease, and free amino nitrogen during a time course of growth ( Fig.  2A) . During the first 2 days of culture growth, GlcNAc depletion occurred slowly, with an average rate of 21.0 ,ug ml-1 h-1. Between 2 and 3 days, GIcNAc was depleted at a rate of 107.9 p.g ml-' h-'. This corresponded to the exponential growth phase for B. bassiana, with a rate of 21.7 ,ug (dry weight) ml-' h-'. In this case, during exponential growth, B. bassiana utilized 4.97 ,ug of GlcNAc for every 1-p.g increase in dry weight. At day 4, GlcNAc concentration in the medium was 420 jg ml-'. Between 4 and 4.5 days, the growth rate decreased to 6.7 jig (dry weight) ml-1 h-1. However, with the depletion of GlcNAc the growth rate increased to 14.2 ,ug ml-' h-1. At this time, extracellular protease activity and free amino nitrogen appeared in the extracellular fluid. These results indicate that diauxic growth occurred during the time course of this experiment. However, diauxic growth was not pronounced as generally observed with some other microbial systems. Indeed, the diauxie reported here is probably correct but marginal since the second phase of growth is small (1.8 to 2.1 mg ml-').
First, B. bassiana utilized the preferred substrate (GIcNAc), after which protease was synthesized, gelatin was hydrolyzed, and the amino acids or peptides were utilized for additional growth. Figure 2B shows the time course of extracellular protein profiles by sodium dodecyl sulfatepolyacrylamide gel electrophoresis during GlcNAc depletion. At day 1, high-molecular-weight proteins are present which do not migrate past the stacking gel and corresponded to unhydrolyzed gelatin. At 3 days, an array of proteins ranging from about 10 to >100 kilodaltons appeared, possibly resulting from limited proteolysis by low background levels of extracellular protease. At 5 and 7 days, as judged by the silver-stained gels, 20 distinct bands of proteins appeared in the culture supernatants. The gel front was also stained, indicating the presence of peptides or amino acids, obviously the result of further protease hydrolysis of gelatin. At 5 and 7 days, a major protein band appears at the 35-kilodalton position which coincides with that of an extracellular serine protease (2) . Isoelectric focusing zymograms revealed increasing intensities of clearing of the gelatin layer on the X-ray film at 5 and 7 days (Fig. 2C) . The position of the zones of clearing corresponded to a pl of about 10.0.
Growth and protease production in closed batch cultures containing various proportions of gelatin and gelatin hydrolysate. Results so far indicated that, once extracellular protease is synthesized, the levels of free amino nitrogen in the extracellular fluid increased as a result of gelatin hydrolysis. This may have some effects on the regulation of extracellular protease synthesis. We tested the effects of a commercial preparation of gelatin hydrolysate on extracellular protease production. The proportion of gelatin to the hydrolysate was varied, but the total concentration was maintained at 1% (wt/ vol). Two-day-old batch cultures containing various proportions of gelatin to gelatin hydrolysate were assayed for dry weight and extracellular protease activity (Fig. 3 ). An increase in the proportion of gelatin hydrolysate resulted in a three-fold increase in fungal biomass. However, only a slight increase in extracellular protease production per milligram of mycelial dry weight was observed with a gelatin/gelatin hydrolysate ratio of 0:1 versus 1:0. Which peptides or amino acids in the gelatin are acting as inducers is not known. Gelatin consists primarily of glycine (25.5%), proline (18.0%), hydroxyproline (14.1%), glutamic acid (11.4%), and arginine (8.1%) (25) .
Effect of GlcNAc addition during extracellular protease synthesis. To test for repression of extracellular protease synthesis, aliquots of the culture containing 1% (wt/vol) gelatin-basal salts medium were removed and 2% (wt/vol) GlcNAc was added. These cultures were then reincubated for an additional 1 to 2 days. The residual culture did not contain GlcNAc and showed an exponential increase in Gelatin: gelatin hydrolysate  FIG. 3 . Effect of gelatin/gelatin hydrolysate ratio on protease activity. Cultures contained a total of 1% (wt/vol) admixture of gelatin and gelatin hydrolysate. Protease activity was measured after 2 days. PU, Protease units. extracellular protease after 2 days (Fig. 4A) . When GIcNAc was added to culture aliquots at various time intervals over 2 to 4 days, extracellular protease activity remained at a plateau for the next 1 to 2 days. This suggests that extracellular protease synthesis was repressed in these cultures. The final levels of protease activity for cultures supplemented with GlcNAc, and protease activity at the time the culture aliquot was removed, were log transformed. By plotting these protease levels against the time when the culture was supplemented with GlcNAc, we obtained two straight parallel lines (Fig. 4B) . We excluded the results from day 2 since the culture was in late lag phase and exponential protease synthesis occurred after that time. The upper line was displaced by 15% higher protease activity. This represents the amount of protease synthesized before complete repression takes effect. There could be several explanations, the most obvious of which is residual protease synthesis until the mRNA is degraded. If so, the mRNA half-life could be estimated from the time displacement between the two lines, which is 3.6 h.
Extracellular protease synthesis in GlcNAc fed batch cultures. To test for the relationship between GlcNAc levels and rate of availability on protease synthesis, GlcNAc was supplied through a dialysis membrane at diffusion rates equal to or greater than the consumption rate of the fungus. In the (Fig. 5A ) and a decrease in extracellular protease synthesis by about 81% (Fig. SC) .
When GlcNAc was supplied at 35.34 ,ug ml-' h-', the concentration of GlcNAc never exceeded 400 p.g ml-' in the culture fluid (Fig. SB) . At the higher supply rate, however, GIcNAc accumulated in cultures to as much as 2.07 mg ml-'. These values suggest that GIcNAc concentration in excess of the immediate growth requirements also causes repression of the extracellular protease.
DISCUSSION
The extracellular protease of B. bassiana is a pivotal enzyme in the degradation of cuticle layers of susceptible insects (23) . We are interested in the early events of grasshopper infection by B. bassiana. This paper presents our data regarding the synthesis of extracellular protease in vitro and its regulation by GIcNAc. The reason we explored the effects of GIcNAc on extracellular protease synthesis was that, along with extracellular protease, chitinase is involved in cuticle digestion (23) and the product of the latter reaction is GlcNAc. High levels of chitinase activity on chitin in the growth microenvironment could generate enough GlcNAc to satisfy the carbon and nitrogen requirement of the fungus. GlcNAc could affect the synthesis of extracellular protease. Therefore, not only the presence of GlcNAc but also the rate of availability and amount are important.
The importance of the functional interplay between fungal extracellular protease and chitinase is recognized in light of the structure of insect cuticle. In the insect cuticle, proteins surround chitin fibrils (4) . Sequential treatment of insect cuticle with protease and chitinase from commercial preparations (19) or from M. anisopliae (23) showed that chitin hydrolysis by chitinase was enhanced when the cuticle was pretreated with a protease. When B. baissianati is grown in culture containing insect cuticle as the sole carbon and nitrogen source, extracellular protease appears first followed by chitinase (22) . The most obvious interpretation is that this could be the result of induction of chitinase by GIcNAc subsequent to degradation of the surrounding protein by extracellular protease. Initially, low levels of GIcNAc could be provided to the fungus by the action of chitinase present at a basal constitutive level. Another possible interpretation would be that there are extrinsic factors, such as peptides released by the action of protease, that serve to enhance chitinase synthesis.
The regulation of extracellular protease and chitinase in entomopathogenic fungi may have important ramifications in insect pathogenesis. Chitin exists as a polymer of GlcNAc and forms 25 to 40% of the insect cuticle (13) . Synthesis of chitinase has been induced in B. bassitanaa cultures containing GlcNAc (21) . In cell-free concentrated (50-fold) media from 4-day closed batch cultures of B. btissiainaa containing 1% (wt/vol) GlcNAc, 36 [Lg of GIcNAc was released after a 4-h chitinase assay period (21) . Chitinase was also induced in fed batch cultures (GlcNAc supplied at 20 VLg ml-' h-1) of M. anisopliae (24) . Increasing the rate of supply of GlcNAc to 80 pLg ml-' h-' decreased chitinase synthesis by 87%.
Chitinase synthesis is regulated by products of chitin degradation through an inducer-repressor mechanism. Our data show that extracellular protease was synthesized in fed batch cultures (GlcNAc supplied at 35 pLg ml-' h-') of B. bassianta (Fig. 5C) Fig. 2A) . Extracellular protease was not repressed in the presence of gelatin hydrolysate (Fig. 3) . Cooper (7) has suggested that in phytopathogenic fungi specific regulation of extracellular fungal protease by amino acids is unlikely in view of the heterogeneity of monomer composition and the nonspecific action of some proteases.
Concerted regulation of extracellular enzymes involved in the sequential hydrolysis of complex polysaccharides has been reported in some fungi. For example, a single gene was demonstrated in the regulation of cellulase, mannanase, and xylanase of the wood-rotting fungus Polvporuits adulstius (8) . Similarly, N. crassa cellulase and cellobiase were under a single regulatory mechanism (12) . Insect cuticle, however, is composed of more heterogeneous components than the polysaccharides hydrolyzed by the above cases. Yet an analogous situation of sequential hydrolysis of insect cuticle by entomopathogenic fungi exists, and concerted regulation by functionally dissimilar extracellular enzymes may be the case here. Out data show that extracellular protease synthesis is regulated by products of chitin degradation. One possibility is for B. bassiania extracellular protease and chitinase to be under the control of the multiple regulatory system described earlier (3) .
Controlling the induction-repression of extracellular chitinase and protease by means of a single regulatory system would be the most effective way of adjusting the rate of insect cuticle degradation. During cuticle penetration, extracellular proteases would hydrolyze proteins. Chitin fibrils would be exposed, with the subsequent induction of chitinase and release of GlcNAc. If GlcNAc levels were high, the synthesis of extracellular protease would be repressed. An analysis of the stoichiometric relationships between regulation of protease synthesis and GlcNAc levels for B. btssitana in various physiological states and in situ should give insight into its functional role.
